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1
METHODS FOR DETECTING COINCIDENT
SAMPLE EVENTS, AND DEVICES AND
SYSTEMS RELATED THERETO

CROSS-REFERENCE

This application claims the benefit of U.S. Provisional
Patent Application No. 61/785,301 filed Mar. 14, 2013, which
application is incorporated herein by reference in its entirety.

SUMMARY

In some aspects of the present disclosure, methods of
detecting coincident sample events are provided. The meth-
ods include receiving a first set of signal data representing
detected signals from a flow cytometer system; detecting,
with a peak detection module, one or more peaks within the
signal data; and cancelling, with a successive cancellation
module, one or more individual sample events from the signal
data at corresponding time indexes, wherein the cancellation
of more than one individual sample event is successive.

In some aspects of the present disclosure, flow cytometer
systems are provided. The flow cytometer systems include a
flow cell for streaming a hydro-dynamically focused core
stream past an interrogation zone; beam shaping optics posi-
tioned to receive and manipulate a first light beam, and to
produce a resulting light beam that irradiates the core stream
atthe interrogation zone of the flow cell; a detection system to
detect resulting light from the flow cell when irradiated; and
a data processing system operably coupled to the detection
system to generate and process signal data representing the
resulting light detected by the detection system. The process-
ing of the signal data includes receiving a first set of signal
data from the detection system; detecting one or more peaks
within the signal data; and cancelling one or more individual
sample events from the signal data at corresponding time
indexes, wherein the cancellation of more than one individual
sample event is successive.

In some aspects of the present disclosure, non-transient
machine-readable mediums are provided. The machine read-
able mediums have machine-executable instructions stored
thereon, which when executed by one or more processing
devices, cause the one or more processing devices to receive
a first set of signal data representing detected signals from a
flow cytometer system; detect, with a peak detection module,
one or more peaks within the signal data; and cancel, with a
successive cancellation module, one or more individual
sample events from the signal data at corresponding time
indexes, wherein the cancellation of more than one individual
sample event is successive.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying drawings, which are incorporated
herein, form part of the specification. Together with this writ-
ten description, the drawings further serve to explain the
principles of, and to enable a person skilled in the relevant
art(s), to make and use the systems and methods presented. In
the drawings, like reference numbers indicate identical or
functionally similar elements.

FIG.11illustrates a flow cytometer system, according to one
embodiment.

FIG. 2 illustrates a data processing system, according to
one embodiment.

FIG. 3 illustrates a flow chart for detecting coincident
sample events, according to one embodiment.
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FIG. 4 illustrates a plot of a combined output response for
a coincident event, along with plots of the individual sample
events within the coincident event, according to one embodi-
ment.

FIG. 5 illustrates an example plot of skewness, according
to one embodiment.

FIG. 6 illustrates a plot of a combined response for a
coincident event having a single peak, along with plots of the
individual sample events within the coincident event, accord-
ing to one embodiment.

FIG. 7 illustrates a plot of a combined response for a
coincident event, according to one embodiment;

FIG. 8 illustrates a functional block diagram of a base line
restoration module, peak detection module, successive can-
cellation module, and channel analysis module which per-
form the method of FIG. 3, according to one embodiment

DETAILED DESCRIPTION

Before the embodiments of the present disclosure are
described, it is to be understood that the present disclosure is
not limited to particular embodiments described, as such may,
of'course, vary. Itis also to be understood that the terminology
used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting, since
the scope of the embodiments of the present disclosure will be
limited only by the appended claims.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention
belongs.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments described
and illustrated herein has discrete components and features
which may be readily separated from or combined with the
features of any of the other several embodiments without
departing from the scope or spirit of the present invention.
Any recited method can be carried out in the order of events
recited or in any other order which is logically possible.

In some aspects, the methods, devices, and systems of the
present disclosure relate to sample detection in flow cytom-
eters. The specific sample may vary depending on application
and may include, but is not limited to, cells, particles, or
combinations thereof. For example, in certain embodiments,
the sample may include one or more of the following: red
blood cells (RBC), white blood cells (WBC), and platelets
(PLC). The systems and methods may relate to various types
of processing of the samples, such as identification of the
samples, differentiation of the samples, counting of the
sample, etc.

The term “event” is used herein to refer generally to one or
more samples (e.g., cells and/or particles) passing through the
interrogation zone of a flow cell and being irradiated by a light
source (e.g., laser beam). The event generates a resulting light
signal that is detected by a detection system. The resulting
light signal may include many different detected parameters
such as, but not limited to, axial light loss, scattered light,
fluorescence, etc. All of the parameters make up what is
referred to herein as the “profile of the event”.

The term “signal event”, “incoming signal event”, “signal
data” are used herein to refer generally to the resulting energy
detected when one or more samples pass through the interro-
gation zone of a flow cell being irradiated by a light source
(e.g., laser beam). The signal event may include one or more
sample events. The term “sample event” is used herein to refer
generally to the resulting energy of a single sample passing
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through the interrogation zone and producing parameters that
make up the “sample event profile” for that sample event.

In some instances, two or more sample may pass through
the interrogation zone of the flow cell while being proximate
to one another. The term “coincident event” and “coincident
sample event” are used herein to refer generally to the occur-
rence of two samples (e.g., cells, particles, etc.) passing
through the interrogation zone while being proximate to one
another. The resulting “event profile” for the resulting signal
will have overlapping “sample event profiles”.

In some aspects, the methods, devices, and systems of the
present disclosure relate to detecting sample events, and iden-
tifying and resolving coincident sample events, such as those
occurring within a flow cell of a hematology analyzer for
example.

In some aspects, the methods, devices, and systems detect
precise peak heights and sample event profiles (e.g., area
under the pulse, pulse width, and higher order moments)
during coincidence sample events. The system and methods
provided herein enable a more precise detection of coincident
sample events, such as sample events that are proximate to
one another and/or smaller sample events that are close to
larger sample events. By computing precise peak heights and
sample event profiles within the coincidence event, assays
may be run with higher concentrations (i.e., less diluted). For
instance, certain assays in an analyzer may need to be highly
diluted to find the correct count of each cell and/or particle as
well as ratio between the two counts—e.g., a Retic assay to
find the percentage ratio between RBC and Reticulocyte.
Capturing sample events at a higher resolution permits more
coincident events to pass through the flow cell, and enables
assays to run for shorter times while still maintaining high
statistical accuracy and higher precision of the sample event
parameters, which effectively increases throughput. Samples
can be processed at a faster rate—e.g., 1.5 to 2 times faster,
and greater. The systems and methods described herein
enable precision with higher concentrated sample levels than
with those resulting from statistical correction. Furthermore,
the higher concentration samples use less sheath consump-
tion and less waste.

As summarized above, in some aspects of the present dis-
closure, methods of detecting coincident sample events are
provided. The methods include receiving a first set of signal
data representing detected signals from a flow cytometer sys-
tem; detecting, with a peak detection module, one or more
peaks within the signal data; and cancelling, with a successive
cancellation module, one or more individual sample events
from the signal data at corresponding time indexes, wherein
the cancellation of more than one individual sample event is
successive.

As summarized above, in some aspects of the present dis-
closure, flow cytometer systems are provided. The flow
cytometer systems include a flow cell for streaming a hydro-
dynamically focused core stream past an interrogation zone;
beam shaping optics positioned to receive and manipulate a
first light beam, and to produce a resulting light beam that
irradiates the core stream at the interrogation zone of the flow
cell; a detection system to detect resulting light from the flow
cell when irradiated; and a data processing system operably
coupled to the detection system to generate and process signal
data representing the resulting light detected by the detection
system. The processing of the signal data includes receiving a
first set of signal data from the detection system; detecting
one or more peaks within the signal data; and cancelling one
or more individual sample events from the signal data at
corresponding time indexes, wherein the cancellation of more
than one individual sample event is successive.
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As summarized above, in some aspects of the present dis-
closure, non-transient machine-readable mediums are pro-
vided. The machine readable mediums have machine-execut-
able instructions stored thereon, which when executed by one
or more processing devices, cause the one or more processing
devices to receive a first set of signal data representing
detected signals from a flow cytometer system; detect, with a
peak detection module, one or more peaks within the signal
data; and cancel, with a successive cancellation module, one
or more individual sample events from the signal data at
corresponding time indexes, wherein the cancellation of more
than one individual sample event is successive.

The following detailed description of the figures refers to
the accompanying drawings that illustrate exemplary
embodiments. Other embodiments are possible. Modifica-
tions may be made to the embodiments described herein
without departing from the spirit and scope of the present
invention. Therefore, the following detailed description is not
meant to be limiting.

FIG. 1 illustrates a top view of a flow cytometer system,
according to one embodiment. Flow cytometer system 100 is
shown including beam shaping optics 110, flow cell 120, light
source 140, detection system 130, and data processing system
140.

Light source 140 may include, for example, a laser coupled
to an optical fiber to generate a laser beam directed to the
beam shaping optics 110 positioned between the light source
140 and flow cell 120. The laser beam is manipulated by the
beam shaping optics 110 to provide a focused beam directed
to an interrogation zone of the flow cell 120. A core stream
within the flow cell 120 is irradiated by the focused beam as
it flows past the interrogation zone of the flow cell 120.

Flow cell 120 is positioned such that the light from the
beam shaping optics 110 is directed to an interrogation zone
in the flow cell 120. Flow cell 120 includes a core stream
which is directed past the interrogation zone of the flow cell
120. In this way, the core stream flowing through the flow cell
120 is irradiated by the focused light as it passes through the
interrogation zone. The core stream may include, for
example, samples (e.g., particles, cells, or combinations
thereof) which are hydro-dynamically focused in a fluid
sheath (e.g., injected into the center of the fluid sheath) and
directed past the interrogation zone in the flow cell 102.

Detection system 130 is positioned next to the flow cell to
detect light emitted from the flow cell. As samples pass
through the interrogation zone, the resulting light character-
istics, such as light scatter, light loss, fluorescence, etc. For
example, detection system 130 may include a photomultiplier
tube (PMT), photodiode (PD), etc., for detecting light and
converting it to an electrical signal. Detection system 130
may include one or more detectors to detect axial light loss,
and/or one or more detectors to measure the amount of scat-
tered light resulting when the core stream is irradiated at the
interrogation zone. For instance, the detection system 130
may include one or more detectors to detect intermediate
angle scatter (IAS) and/or forward scatter. The detection sys-
tem 130 may also include lenses and detectors for detecting
fluorescent light, polarized side scatter, and/or depolarized
side scatter. Furthermore, one or more detectors may be posi-
tioned in various positions around the flow cell—e.g., at 90
degrees from the flow cell. The detection system 130 may also
include other components such as lenses, reflectors or mir-
rors, etc., which are not shown. For example, detection sys-
tem 130 may include components such as lenses, reflectors or
mirrors, etc.

The light characteristics, resulting from each interrogated
sample (e.g., particle or cell), is detected to generate corre-
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sponding electrical signals. Data processing system 140 is
operably coupled to detection system 130 and receives the
corresponding electrical signals. These electrical signals are
converted from analog signals to digital signals by an analog-
to-digital converter (ADC), for example to generate signal
data at a given sampling rate to represent the electrical signals
from the detection system 130. In certain embodiments, the
analog electrical signals may go through a pre-amplification
stage before being converted to digital signals. The term
“signal data” is used herein to refer generally to the digital
signal generated from sampling the analog signal.

Data processing system 140 may use or otherwise process
the signal data to determine various parameters of the sample
events (e.g., for sample cells and/or particles). Example
sample event parameters that are determined by data process-
ing system 140 may include, but are not limited to, magni-
tudes of the signal (e.g., signal pulse from a detected event),
signal peaks and their respective heights, signal widths, areas
under the signal. In certain embodiments, data processing
system may determine one or more parameters of higher
order moments—e.g., standard deviation of the signal (e.g.,
second order moment), skewness of the signal (e.g., third
order moment), and kurtosis of the signal (e.g., fourth order
moment). Other parameters may also be found, such as the
Discrete Fourier Transform (DFT). These parameters may
then be used for further analysis, such as for cell classification
purposes. The data processing system 140 uses one or more of
these parameters to identify and resolve coincident events
occurring within the flow cell.

FIG. 2 illustrates an example block diagram of a data
processing system upon which the disclosed embodiments
may be implemented. Embodiments of the present invention
may be practiced with various computer system configura-
tions such as hand-held devices, microprocessor systems,
microprocessor-based or programmable user electronics,
minicomputers, mainframe computers and the like. The
embodiments can also be practiced in distributed computing
environments where tasks are performed by remote process-
ing devices that are linked through a wire-based or wireless
network. FIG. 2 shows one example of a data processing
system, such as data processing system 200, which may be
used with the present described embodiments. Note that
while FIG. 2 illustrates various components of a data process-
ing system, it is not intended to represent any particular archi-
tecture or manner of interconnecting the components as such
details are not germane to the techniques described herein. It
will also be appreciated that network computers and other
data processing systems which have fewer components or
perhaps more components may also be used. The data pro-
cessing system of FIG. 2 may, for example, be a personal
computer (PC), workstation, tablet, smartphone or other
hand-held wireless device, or any device having similar func-
tionality. Furthermore, the term “data processing system”
may also encompass programmable circuitry programmed or
configured by software and/or firmware, or within special-
purpose “hardwired” circuitry, or a combination of such
forms. Such special-purpose circuitry (if any) can be in the
form of, for example, one or more application-specific inte-
grated circuits (ASICS), programmable logic devices
(PLDs), field-programmable gate arrays (FPGAs), etc. For
example, the data processing device may be in the form of a
FPGA including a various modules operably and communi-
cably coupled to one another. For instance, the FPGA may
include a module functioning as a processing device, a mod-
ule functioning as memory, a base line restoration module, a
peak detection module, a successive cancellation module, a
channel analysis module, etc.
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For the example embodiment shown in FIG. 2, the data
processing system 201 includes a system bus 202 which is
coupled to a microprocessor 203, a Read-Only Memory
(ROM) 207, a volatile Random Access Memory (RAM) 205,
as well as other nonvolatile memory 206. In the illustrated
embodiment, microprocessor 203 is coupled to cache
memory 204. System bus 202 can be adapted to interconnect
these various components together and also interconnect
components 203,207, 205, and 206 to a display controllerand
display device 208, and to peripheral devices such as input/
output (“I/0”) devices 210. Types of /O devices can include
keyboards, modems, network interfaces, printers, scanners,
video cameras, or other devices well known in the art. In one
embodiment, [/O device includes interface for receiving data
derived from the detection system 130. In some instances, the
signal data received is already converted to a digital signal,
and in other instances, the interface includes an analog to
digital converter to digitize the incoming signal into the signal
data to be processed. /O devices 210 may in some instances
be coupled to the system bus 202 through I/O controllers 209.
In one embodiment, the I/O controller 209 includes a Univer-
sal Serial Bus (“USB”) adapter for controlling USB periph-
erals or other type of bus adapter.

RAM 205 can be implemented as dynamic RAM
(“DRAM”) which requires power continually in order to
refresh or maintain the data in the memory. The other non-
volatile memory 206 can be a magnetic hard drive, magnetic
optical drive, optical drive, DVD RAM, or other type of
memory system that maintains data after power is removed
from the system. While FIG. 2 shows that nonvolatile
memory 206 as a local device coupled with the rest of the
components in the data processing system, it will be appre-
ciated by skilled artisans that the described techniques may
use a nonvolatile memory remote from the system, such as a
network storage device coupled with the data processing sys-
tem through a network interface such as a modem or Ethernet
interface (not shown).

Data processing system 140 receives the detected signal
from the detection system 130. If the detected signal from the
detection system 130 has not be digitized yet, the data pro-
cessing system 140 digitizes the detected signal—e.g., with
an analog-to-digital converter (ADC)—to generate the signal
data for processing. The sampling rate of the analog-to-digital
converter may vary in different embodiments. In one embodi-
ment, the analog-to-digital converter of the data processing
system digitizes the incoming signal from the detection sys-
tem (e.g., a photomultiplier tube (PMT), photodiode (PD),
etc.) at 10 million samples per second (MSPS).

For example, each sample passing through the flow cell
interacts with the laser beam and produces a convolution
output of a laser beam profile and sample size in the flow-
direction. This convolution signal is captured by the detection
system (e.g., PMT or PD) and digitized by the ADC. This
digitized output is the input signal data for the methods
described herein.

The methods may include processing the signal data to find
the peak height of the event as well as detecting possible
individual sample events within the coincident events. Other
parameters may also be determined, such as the pulse width,
the area under curve, and other higher order moments which
may be computed once the pulse shape of the individual cell
profile is extracted from the coincidence event. The methods
may also find the peaks of the event even under the noisy
signal condition, preventing false detections from electronic
or interference noise.

Once a peak of a sample event is detected in the signal data,
a model sample event profile is generated from a pre-stored
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beam profile and the detected peak height of that sample
event. If more than one peak heights are detected during the
detection process, the energy of the individual sample events
are computed based on their peak heights, and the energy of
the sample event are subtracted successively from the com-
bined event response at the corresponding time indexes of the
peaks. In one embodiment, the signal with maximum peak
value is subtracted first from combined (coincident) signal
response. The algorithm works successively on leftover sig-
nal energy to detect any other smaller sample events within
the coincident event until the energy of the leftover signal
does not decrease by the amount of the subtracted signal
energy.

In one embodiment, the successive cancellation process is
also iterative in that it corrects a peak height determination of
a previously detected and cancelled sample event. For
example, when sample events are close together, the first
larger peak height may first be detected and cancelled from
the signal data. Next, the second peak is detected for cancel-
lation. The second peak height is detected and the second
peak cancelled from the original signal data. Based on the
cancellation of the second peak from the original signal data,
the first peak height may then be corrected. The successive
cancellation process may continue with the second peak
being successively cancelled from the remaining signal data
after the cancellation of the first peak.

When only a single peak event is detected, skewness (3"¢
order moment) may be computed to detect whether there any
small sample events riding at the leading or lagging trail of a
larger sample event—e.g., as shown in FIGS. 5 and 6. For
example, when a Skewness of more than a predetermined
threshold (e.g., +/-0.15) is computed, a successive cancella-
tion is initiated to obtain the correct sample event heights and
sample event profiles. In one embodiment, the successive
cancellation is also iterative as similarly described above.

FIG. 3 illustrates a flowchart for a method of detecting
coincident sample events, according to one embodiment.
Method 300 begins by performing a base line restoration in
order to determine the precise height of a sample event (Xp).
For example, a base line restoration module may receive a set
of signal data and perform a base line restoration. The base
line restoration provides for a more precise estimation by
accounting for system variations and fluctuations, such as
those caused by laser optics, electronics, noise, interference,
temperature variations, thermal radiations, fluid viscosity,
etc.

At block 302, a new set of signal data is obtained—e.g.,
from an analog-to-digital converter (ADC) coupled to a
detection system of a flow cytometer system. A base line
restoration value is computed by taking the median value of a
previous set of signal data that fall under a predetermined
threshold value, T, as represented by blocks 304, 306, and
308. For example, in block 306, the median value is calcu-
lated from a 15 microsecond time period of signal data that is
under the predetermined threshold, T. For instance, the 15
microsecond time period provides approximately 150
samples at the 10 MHz sampling rate, for instance. It should
be appreciated that the time period and sampling rate may
vary in different embodiments. The computed median value
is used as the base line restoration value, or is used as the
updated base line restoration value, as represented by block
308.

The predetermined threshold value represents a threshold
value for the indication of one or more sample events has
occurred. The predetermined threshold value may be experi-
mentally defined and may vary for different particles or cells
being implemented. The threshold for red blood cells (RBC)
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may be implemented as, but is not limited to, 1.25% of the full
dynamic range, for example. The threshold for white blood
cells (WBC) may be implemented as, but is not limited to,
6-7% of the full dynamic range, for example. The threshold
for Reticulocyte may be implemented as, but is not limited to,
2-3% of the full dynamic range, for example. These example
values are exemplary and should not be construed as limiting.

At block 310, the base line restoration is performed by
subtracting the updated base line restoration value from block
308 (e.g., the computed median value from block 306) from
the incoming signal data, X(i), when the signal data goes
above the predetermined threshold value, T, in block 302 and
304. In the embodiment shown, the sampling rate is 10 mil-
lion samples per second (MSPS). At block 312, the resulting
signal data after subtracting the base line restoration value is
then used for further processing, such as for peak detection
and/or coincidence correction. In some instances, the result-
ing signal data may be buffered or stored in memory.

Once the base line restoration is performed, a peak detec-
tion module detects the peak of the signal event. Atblock 314,
the peak detection module determines whether sample events
are detected. In one embodiment, a signal event, which may
include one or more sample events, is detected when a peak of
the signal pulse increases above the predetermined threshold
value. There may also be more than one sample event, as well
as more than one peak above the threshold value. Accord-
ingly, the peak detection module identifies peaks of the signal
pulse and detects whether they are above the predetermined
threshold. In one embodiment, for example, the signal event
detection criteria may be as follows:

XpzT

X,z2X,,.2T X, 2X, ,2T X =X, ;=T

X,2X, 2TX =X, ,=2TX =X, ;=T
X,2X, 4 X,2X, s X, 2X,, ¢
X, =2X, X, =2X, sX,=2X, s
where T is a predetermined or programmable threshold
value, and X,,,,, is the n™” sample from X,,. If the incoming
signal data satisfies all of these conditions, then single or
multiple peak heights of the signal event may be recorded.

At block 316, the peak detection module determines
whether more than one peak is detected within the signal
event. If multiple peak heights are detected within the signal
event, then it is determined that multiple sample events are
closely detected during the time when samples were above
the threshold value. A successive cancellation module may
then be executed to successively cancel out the energy of
individual sample events, as represented by the “Yes” arrow
from block 316 to block 320—e.g., to successively subtract
out the energy of one sample event at a time. In one embodi-
ment, the cancellation process may also be iterative in that
one or more previous peak height determinations from pre-
vious cancellations may be corrected based on the cancella-
tion of a successive peak from the original signal data.

In order to measure the precise peak height of each indi-
vidual sample event within the coincidence, the successive
cancellation module subtracts the energy for each sample
event individually from the signal data (e.g., the combined
input signal for the multiple sample events). In one embodi-
ment, the largest sample events are detected and subtracted
first one at a time, to permit clearer detection of smaller
sample events within the signal data. For example, white
blood sample events may be larger than red blood sample
events and platelet events, in which case the white blood
sample events would be detected and subtracted out succes-
sively first. The detection of the precise peak of the pulse
enables the successful detection and cancellation of the stron-
ger signal (e.g., WBC without introducing any residual
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energy that may cause an error—e.g., by being mistaken as a
small sample event. Again, the cancellation process may also
be iterative in that one or more previous peak height determi-
nations from previous cancellations may be corrected based
on the cancellation of a successive peak from the original
signal data.

Atblock 318, the largest peak sample event and the corre-
sponding time index for the sample event is identified. From
the peak information, an ideal waveform of the Gaussian
signal may be generated—e.g., based on a stored or predeter-
mined beam profile and the height of the maximum peak
found—as represented by block 320.

In one embodiment, the combined input signal (e.g., signal
data) is mathematically represented by the sum of convolu-
tions of the laser beam profile and the size of the sample in
flow direction, such as represented by the following equation.

N
) = Z X, h() + n(t)

i=1

where x(t) is the incoming set of signal data; X, size of the
individual sample events in the flow-direction within the
incoming set of signal data; h(t) is the laser bean profile; * is
the convolution process; and n(t) is the electronics and/or
interference noise. Therefore, once the size of the sample
event in the flow-direction, X, is detected, a model sample
event, representing an ideal convoluted signal, may be gen-
erated from the saved laser beam profile. For instance, in one
embodiment, the model sample event (e.g., ideal convoluted
signal for that sample event) may be found from the following
equation.

%=X, *h(2)

The energy from the model sample event (e.g., ideal con-
voluted signal), x,", is then subtracted at the correct time index
from the energy of the signal data, x(t), as represented block
322. An example equation of the energy of the signal data may
be represented as follows.

x(O)=x(t)-x,

At block 324, a determination is made as to whether the
total energy of the signal data is reduced by the generated
energy of the model cell (e.g., the ideal convoluted sample
signal). In other words, whether there is remaining energy left
when the energy of the model sample event is subtracted from
the energy of the signal data.

If significant leftover energy remains (e.g., the energy of
the signal data is reduced by energy of the model sample
event), then it is input again for the next successive cancella-
tion to find another equivalently-sized sample event or
smaller sample event within the signal data (e.g., combined
signal), as represented by the arrow form block 324 back to
block 318. For example, at block 318, the largest peak sample
event is then detected for the remaining signal data left over
from the first cancellation. At block 320, a second model
sample event is generated for this peak sample event, and at
block 322, the energy from the second model sample event is
successively subtracted at the corresponding time index from
the remaining sample data left over from the first cancella-
tion. Thereafter, at block 324, a determination is made as to
whether the total energy of the signal data is reduced after the
cancellation of the first and second cancellations (e.g.,
whether there is any leftover energy after the first and second
cancellation). In one embodiment where the cancellation is
iterative, the second generated model sample event is succes-
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sively subtracted at the corresponding time index from the
original signal data, and based on the results of this subtrac-
tion, the first peak height (determined for the first sample
event that was cancelled) is corrected.

It should be appreciated that the iterative correction may
occur for a previous peak height that is not necessarily the
immediately preceding peak height that was determined and
cancelled. For example, after the cancellation of two peaks, a
third peak detected for cancellation may be used to generate
a third model sample event for the third peak, and the energy
for the third model sample event may be subtracted from the
original signal data to correct the peak height determination
of the first peak and/or second peak height.

If the energy does not decrease (e.g., if there is no remain-
ing leftover energy or insignificant or negligible leftover
energy), for example as represented by the following equa-
tion, then it may be determined that all the sample events
within that coincident event were detected.

x()-x,=x,

Ifno leftover energy remains (the total energy of the signal
is not reduced), then all the individual sample events within
the incoming signal are detected. Once the individual peaks
for the incoming signal have been identified with right time
index, then it is possible to repeat the same calculations for all
the channels. Each channel may represent, for example,
detection of various data, such as, but not limited to, side
scatter, axial light loss, polarized scatter, depolarized scatter,
fluorescence, etc. However, because the individual sample
events occur at the same time, the time indexes of each indi-
vidual peak may be used to find the corresponding features at
those times in the other channels. In some instances, a range
of'time based on the time indexes may be used, such as within
a predetermined time before and after the time indexes. This
provides an alternative way to obtain the same information
from the other channels, rather than performing the same
process on the other channels, which may consume more
processing power and time. For example, as shown in FIG. 3,
the time indexes for each of the individual sample event peaks
may be used to find the corresponding features in other chan-
nels at those approximate times that the sample events occur.
For example, at block 330, a channel analysis module iden-
tifies the corresponding features in the other channels (e.g.,
sample event peaks), by identifying a time range based on the
time indexes of the individual sample events detected by the
successive cancellation module. For instances, in the embodi-
ment shown, the time range is +/-0.5 microseconds from the
time indexes of the individual sample events. Other toler-
ances, or sizes of the time range, may vary in different
embodiments. In this way, sample event profile data from all
channels may be gathered for each sample event, as repre-
sented by block 132.

FIG. 4illustrates a plot of an example set of signal data with
a combined output signal for multiple sample events that are
proximate to one another, according to one embodiment. The
plot 400 illustrates the signal data 405 (e.g., combined output
signal for multiple sample events) that is received from the
analog to digital converter and which includes multiple peaks.
For example, the horizontal axis shows samples taken at a
sampling rate of 10 MHz. The vertical axis shows the asso-
ciated voltage level for each sample. As shown, the combined
output signal 405 includes a triplet of sample events 410, 415,
and 420. The resulting combined output signal 405 is shown
having three peaks 425, 430, and 435, which are produced
from the occurrence of sample events, 410, 415, and 420. The
successive cancellation module described for FIG. 3, for
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example, extracts the energy for these sample events succes-
sively and iteratively by cancelling the energy of the strongest
signal first.

Returning to FIG. 3, if at block 316, only one peak height
is found within the sample event, then the skewness of the
pulse is computed, as represented by block 326. Skewness is
a third order moment of the pulse, and may be used to deter-
mine whether a smaller sample event is present proximate to
alarger sample event. In one embodiment, for example, skew-
ness may be computed by the following equation.

Skew = mZ(g]z

A predetermined skewness threshold may be predeter-
mined and used to indicate whether a smaller sample event is
proximate a larger sample event. For example, if the com-
puted skewness is greater than the predetermined threshold
level (e.g., +/-0.15), then it may be determined that a smaller
cell even is proximate a larger sample event, and then the
successive cancellation module may be executed to subtract
outthe largest sample event, as represented by the arrow from
block 328 to block 318. If the computed skewness is less than
the predetermined threshold level, then it is determined that
no smaller sample event is present, and to block 330 where the
local maximum of the peak amplitude within a range (e.g.,
+/-0.5 microseconds) is identified for other channels of data
for all the peaks found in the window. In this way, sample
event data from all channels may be gathered for the sample
event, as represented by block 332.

FIG. 5 illustrates an example of a positively skewed distri-
bution 510 and a negatively skewed distribution 520. A posi-
tive or negative value of skewness indicates that a pulse has
either leading or lagging trail. Leading and lagging trail is
caused by any smaller cells that pass in very close proximity
of a larger cell. Once the larger sample event response is
subtracted as per the successive cancellation algorithm
described above from the combined response, precise peak
height as well as higher order moments can be computed for
the smaller sample event.

FIG. 6 illustrates an example combined output of a large
sample event in close proximity to a smaller sample event. As
show, plot 600 illustrates signal data 610 (e.g., combined
output signal for the multiple sample events) that is received
from the analog to digital converter. For example, the hori-
zontal axis shows samples taken at a sampling rate of 10
MHz. The vertical axis shows the associated voltage level for
each sample. As shown, the combined output signal 610
includes a large sample event 615 (e.g., from a red blood cell,
RBC) and a smaller sample event 620 (e.g., from a smaller
platelet, PLT). The resulting combined output signal 610 is a
larger event that is skewed on the lagging trail (on the right).
Furthermore, once the stronger signal (i.e., the larger sample
event) is cancelled at the right offset (e.g., time index), the
weaker signal (i.e., the smaller sample event) is easily detect-
able.

FIG. 7 illustrates an example combined output signal 710
when a smaller sample event (e.g., platelet) is between two
large sample events (e.g., red blood cells) and at the shoulder
of the first large sample event. The large peaks 715 and 725
are indicative of the larger sample events (e.g., due to the red
blood cells), and the skewness seen at 720 is indicative that a
small sample event (e.g., platelet) is present.

FIG. 8 illustrates a functional block diagram of a base line
restoration module, peak detection module, successive can-
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cellation module, and channel analysis module which per-
form the method shown in FIG. 3, according to one embodi-
ment. The base line restoration module 820, peak detection
module 830, successive cancellation module 840, and chan-
nel analysis module 850 are shown within memory 810 and
may be executed by a processing device (e.g., processor,
microprocessor, application-specific integrated circuits
(ASICS), programmable logic devices (PLDs), field-pro-
grammable gate arrays (FPGAs), etc.) to perform the func-
tions as identified in the method described in FIG. 3. Memory
810 may include, for example, embedded or non-embedded
memory, as well as nonvolatile or volatile memory. For
instance, memory 801 may include memory 206, volatile
RAM 205, ROM 207, such as shown in FIG. 2; or may be
embedded in an ASIC or FPGA, etc.; or may also include, but
is not limited to, non-transient machine readable mediums,
such as described further below. The term processing device
is used broadly herein, and may refer to one or more proces-
sor, microprocessors, application-specific integrated circuits
(ASICS), programmable logic devices (PLDs), field-pro-
grammable gate arrays (FPGAs), etc., and/or any other pro-
cessing device.

Other embodiments and modifications within the scope of
the present disclosure will be apparent to those skilled in the
relevant art. Various modifications, processes, as well as
numerous structures to which the embodiments of the present
disclosure may be applicable will be readily apparent to those
of skill in the art to which the present disclosure is directed
upon review of the specification. Various aspects and features
of the present disclosure may have been explained or
described in relation to understandings, beliefs, theories,
underlying assumptions, and/or working or prophetic
examples, although it will be understood that the present
disclosure is not bound to any particular understanding,
belief, theory, underlying assumption, and/or working or pro-
phetic example.

It should be understood that some of the techniques intro-
duced above can be implemented by programmable circuitry
programmed or configured by software and/or firmware, or
they can be implemented entirely by special-purpose “hard-
wired” circuitry, or in a combination of such forms. Such
special-purpose circuitry (if any) can be in the form of, for
example, one or more application-specific integrated circuits
(ASICS), programmable logic devices (PLDs), field-pro-
grammable gate arrays (FPGAs), etc.

Software or firmware implementing the techniques intro-
duced herein may be stored on a machine-readable storage
medium and may be executed by one or more general-pur-
pose or special-purpose programmable microprocessors. A
“machine-readable medium”, as the term is used herein,
includes any mechanism that can store information in a form
accessible by a machine (a machine may be, for example, a
computer, network device, cellular phone, personal digital
assistant (PDA), manufacturing took, any device with one or
more processors, etc.). For example, a machine-accessible
medium includes recordable/non-recordable media (e.g.,
read-only memory (ROM); random access memory (RAM);
magnetic disk storage media; optical storage media; flash
memory devices; etc.), etc.

The preceding examples are put forth so as to provide those
of ordinary skill in the art with a complete disclosure and
description of how to make and use the embodiments of the
invention, and are not intended to limit the scope of what the
inventors regard as their invention nor are they intended to
represent that the experiments below are all or the only
experiments performed. Efforts have been made to ensure
accuracy with respect to numbers used (e.g., amounts, tem-



US 9,335,246 B2

13

perature, etc.) but some experimental errors and deviations
should be accounted for. Unless indicated otherwise, parts are
parts by weight, molecular weight is weight average molecu-
lar weight, temperature is in degrees Centigrade, and pressure
is at or near atmospheric.

Where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limits of that range is also specifically
disclosed. Each smaller range between any stated value or
intervening value in a stated range and any other stated or
intervening value in that stated range is encompassed within
the present disclosure. The upper and lower limits of these
smaller ranges may independently be included or excluded in
the range, and each range where either, neither or both limits
are included in the smaller ranges is also encompassed within
the present disclosure, subject to any specifically excluded
limit in the stated range. Where the stated range includes one
or both of the limits, ranges excluding either or both of those
included limits are also included in the present disclosure.

In the description of the present disclosure herein, it will be
understood that a word appearing in the singular encom-
passes its plural counterpart, and a word appearing in the
plural encompasses its singular counterpart, unless implicitly
orexplicitly understood or stated otherwise. Further, it will be
understood that for any given component described herein,
any of the possible candidates or alternatives listed for that
component, may generally be used individually or in combi-
nation with one another, unless implicitly or explicitly under-
stood or stated otherwise. Additionally, it will be understood
that any list of such candidates or alternatives, is merely
illustrative, not limiting, unless implicitly or explicitly under-
stood or stated otherwise.

Various terms are described below to facilitate an under-
standing of the present disclosure. It will be understood that a
corresponding description of these various terms applies to
corresponding linguistic or grammatical variations or forms
of these various terms. It will also be understood that the
present disclosure is not limited to the terminology used
herein, or the descriptions thereof, for the description of par-
ticular embodiments. The publications discussed herein are
provided solely for their disclosure prior to the filing date of
the application. Nothing herein is to be construed as an admis-
sion that the embodiments of the present disclosure are not
entitled to antedate such publication by virtue of prior inven-
tion. Further, the dates of publication provided may be dif-
ferent from the actual publication dates which may need to be
independently confirmed.

That which is claimed is:
1. A method of detecting coincident sample events, com-
prising:
receiving a first set of signal data representing detected
signals from a flow cytometer system;
detecting, with a peak detection module, one or more peaks
within the signal data; and
cancelling, with a successive cancellation module, one or
more individual sample events from the signal data at
corresponding time indexes, wherein the cancellation of
more than one individual sample event is successive.
2. The method of claim 1, wherein the cancellation com-
prises:
detecting a first peak event and a corresponding first time
index for the first peak event;
generating a model sample event based on a stored beam
profile and height of the first peak event; and
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subtracting out energy for the model sample event from
energy of the signal data at the corresponding first time
index.

3. The method of claim 2, wherein multiple peaks are
detected within the signal data, and wherein when the energy
of the signal data is decreased by the energy of the model
sample event, the cancellation steps of claim 2 are succes-
sively repeated for successive peak events and corresponding
time indexes.

4. The method of claim 1, wherein energy for larger sample
events are first subtracted out of energy of the signal data.

5. The method of claim 1, wherein the successive cancel-
lation of more than one individual sample event is also itera-
tive, wherein the iterative cancellation corrects a peak deter-
mination of a previously detected and cancelled sample event.

6. The method of claim 1, wherein only one peak is
detected within the signal data, and wherein the method com-
prises:

computing, with a skewness detection module, a skewness

of the peak of the signal data to determine if a smaller
sample event is proximate a larger sample event.

7. The method of claim 6, further comprising:

detecting, with the skewness detection module, a skewness

indicating that a smaller sample event is proximate a
larger sample event;

wherein a model sample event represents the larger sample

event, and wherein an energy of the larger sample event
is subtracted from an energy of the signal data at a
corresponding first time index; and

wherein a peak height and higher order moments for the

smaller sample event are computed after subtraction of
an energy of the model sample event from the energy of
the signal data at the corresponding first time index.

8. The method of claim 1, further comprising:

performing, with a base line restoration module, a base line

restoration for the received signal data before detecting

the one or more peaks, wherein the base line restoration

includes:

computing a base line restoration value based on a
median value of a prior set of signal data; and

subtracting the base line restoration value from the
received signal data when the received signal data is
greater than a predetermined threshold value.

9. The method of claim 1, further comprising:

identifying, with a channel analysis module, characteris-

tics from one or more other channels of signal data
within a predetermined window of time for each of the
one or more peaks detected.

10. A flow cytometer system, comprising:

aflow cell for streaming a hydro-dynamically focused core

stream past an interrogation zone;

beam shaping optics positioned to receive and manipulate

a first light beam, and to produce a resulting light beam
that irradiates the core stream at the interrogation zone of
the flow cell;

a detection system to detect resulting light from the flow

cell when irradiated; and

a data processing system operably coupled to the detection

system to generate and process signal data representing

the resulting light detected by the detection system,

wherein the processing of the signal data comprises:

receiving a first set of signal data from the detection
system,

detecting one or more peaks within the signal data; and

cancelling one or more individual sample events from
the signal data at corresponding time indexes,
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wherein the cancellation of more than one individual
sample event is successive.

11. The flow cytometer system of claim 10, wherein the
cancellation comprises:

detecting a first peak event and a corresponding first time

index for the first peak event;
generating a model sample event based on a stored beam
profile and height of the first peak event; and

subtracting out energy for the model sample event from
energy of the signal data at the corresponding first time
index.

12. The flow cytometer system of claim 11, wherein mul-
tiple peaks are detected within the signal data, and wherein
when the energy of the signal data is decreased by the energy
of'the model sample event, the cancellation steps of claim 11
are successively repeated for successive peak events and cor-
responding time indexes.

13. The flow cytometer system of claim 10, wherein energy
for larger sample events are first subtracted out of energy of
the signal data.

14. The flow cytometer system of claim 10, wherein the
successive cancellation of more than one individual sample
event is also iterative, wherein the iterative cancellation cor-
rects a peak determination of a previously detected and can-
celled sample event.

15. The flow cytometer system of claim 10, wherein only
one peak is detected within the signal data, and wherein the
processing of the signal data further comprises:

computing a skewness of the peak of the signal data to

determine if a smaller sample event is proximate a larger
sample event.

16. The flow cytometer system of claim 15, wherein the
processing of the signal data further comprises:

detecting a skewness indicating that a smaller sample event

is proximate a larger sample event;

wherein a model sample event represents the larger sample

event, and wherein an energy of the larger sample event
is subtracted from an energy of the signal data at a
corresponding first time index; and

wherein a peak height and higher order moments for the

smaller sample event are computed after subtraction of
an energy of the model sample event from the energy of
the signal data at the corresponding first time index.

17. The flow cytometer system of claim 10, wherein the
processing of the signal data further comprises:

performing, with a base line restoration module, a base line

restoration for the received signal data before detecting

the one or more peaks, wherein the base line restoration

includes:

computing a base line restoration value based on a
median value of a prior set of signal data; and

subtracting the base line restoration value from the
received signal data when the received signal data is
greater than a predetermined threshold value.

18. The flow cytometer system of claim 10, wherein the
processing of the signal data further comprises:

identifying characteristics from one or more other channels

of'signal data within a predetermined window of time for
each of the one or more peaks detected.

19. A non-transient machine-readable medium having
machine-executable instructions stored thereon, which when
executed by a processor, cause the processor to:

receive a first set of signal data representing detected sig-

nals from a flow cytometer system;

detect, with a peak detection module, one or more peaks

within the signal data; and
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cancel, with a successive cancellation module, one or more
individual sample events from the signal data at corre-
sponding time indexes, wherein the cancellation of more
than one individual sample event is successive.

20. The non-transient machine-readable medium of claim
19, wherein the cancellation comprises:

detecting a first peak event and a corresponding first time

index for the first peak event;
generating a model sample event based on a stored beam
profile and height of the first peak event; and

subtracting out energy for the model sample event from
energy of the signal data at the corresponding first time
index.

21. The non-transient machine-readable medium of claim
20, wherein multiple peaks are detected within the signal
data, and wherein when the energy of the signal data is
decreased by the energy of the model sample event, the can-
cellation steps of claim 20 are successively repeated for suc-
cessive peak events and corresponding time indexes.

22. The non-transient machine-readable medium of claim
19, wherein energy for larger sample events are first sub-
tracted out of energy of the signal data.

23. The non-transient machine-readable medium of claim
19, wherein the successive cancellation of more than one
individual sample event is also iterative, wherein the iterative
cancellation corrects a peak determination of a previously
detected and cancelled sample event.

24. The non-transient machine-readable medium of claim
19, wherein only one peak is detected within the signal data,
and wherein the execution of the instructions by the proces-
sor, further causes the processor to:

compute a skewness of the peak of the signal data to deter-

mine if a smaller sample event is proximate a larger
sample event.

25. The non-transient machine-readable medium of claim
24, wherein the execution of the instructions by the processor,
further causes the processor to:

detect a skewness indicating that a smaller sample event is

proximate a larger sample event;

wherein a model sample event represents the larger sample

event, and wherein an energy of the larger sample event
is subtracted from an energy of the signal data at a
corresponding first time index; and

wherein a peak height and higher order moments for the

smaller sample event are computed after subtraction of
an energy of the model sample event from the energy of
the signal data at the corresponding first time index.

26. The non-transient machine-readable medium of claim
19, wherein the execution of the instructions by the processor,
further causes the processor to:

perform, with a base line restoration module, a base line

restoration for the received signal data before detecting

the one or more peaks, wherein the base line restoration

includes:

computing a base line restoration value based on a
median value of a prior set of signal data; and

subtracting the base line restoration value from the
received signal data when the received signal data is
greater than a predetermined threshold value.

27. The non-transient machine-readable medium of claim
19, wherein the execution of the instructions by the processor,
further causes the processor to:

identify characteristics from one or more other channels of

signal data within a predetermined window of time for
each of the one or more peaks detected.

28. A data processing system, comprising:

a processor;
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memory operably coupled to the processor, wherein the
memory includes executable instructions stored

thereon, which when executed by the processor, cause

the processor to:

receive a first set of signal data representing detected
signals from a flow cytometer system;

detect, with a peak detection module, one or more peaks
within the signal data; and

cancel, with a successive cancellation module, one or
more individual sample events from the signal data at
corresponding time indexes, wherein the cancellation
of more than one individual sample event is succes-
sive.

29. The data processing system of claim 28, wherein the
cancellation comprises:

detecting a first peak event and a corresponding first time

index for the first peak event;
generating a model sample event based on a stored beam
profile and height of the first peak event; and

subtracting out energy for the model sample event from
energy of the signal data at the corresponding first time
index.

30. The data processing system of claim 29, wherein mul-
tiple peaks are detected within the signal data, and wherein
when the energy of the signal data is decreased by the energy
of'the model sample event, the cancellation steps of claim 29
are successively repeated for successive peak events and cor-
responding time indexes.

31. The data processing system of claim 28, wherein
energy for larger sample events are first subtracted out of
energy of the signal data.

32. The data processing system of claim 28, wherein the
successive cancellation of more than one individual sample
event is also iterative, wherein the iterative cancellation cor-
rects a peak determination of a previously detected and can-
celled sample event.

33. The data processing system of claim 28, wherein only
one peak is detected within the signal data, and wherein the
execution of the instructions by the processor, further causes
the processor to:
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compute a skewness of the peak of the signal data to deter-
mine if a smaller sample event is proximate a larger
sample event.

34. The data processing system of claim 33, wherein the
execution of the instructions by the processor, further causes
the processor to:

detect a skewness indicating that a smaller sample event is

proximate a larger sample event;

wherein a model sample event represents the larger sample

event, and wherein an energy of the larger sample event
is subtracted from an energy of the signal data at a
corresponding first time index; and

wherein a peak height and higher order moments for the

smaller sample event are computed after subtraction of
an energy of the model sample event from the energy of
the signal data at the corresponding first time index.

35. The data processing system of claim 28, wherein the
execution of the instructions by the processor, further causes
the processor to:

perform, with a base line restoration module, a base line

restoration for the received signal data before detecting

the one or more peaks, wherein the base line restoration

includes:

computing a base line restoration value based on a
median value of a prior set of signal data; and

subtracting the base line restoration value from the
received signal data when the received signal data is
greater than a predetermined threshold value.

36. The data processing system of claim 28, wherein the
execution of the instructions by the processor, further causes
the processor to:

identify characteristics from one or more other channels of

signal data within a predetermined window of time for
each of the one or more peaks detected.

37. The data processing system of claim 28, wherein the
data processing system comprises programmable circuitry,
and the processor and memory are modules embedded within
the programmable circuitry.
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